Ã , and Asp241 Ã (asterisks indicate residues from the second subunit of the active dimer) at the active site of L-methionine -lyase of Pseudomonas putida (MGL Pp) are highly conserved among heterologous MGLs. In a previous study, we found that substitution of Cys116 for His led to a drastic increase in activity toward L-cysteine and a decrease in that toward L-methionine. In this study, we examined some properties of the C116H mutant by kinetic analysis and 3D structural analysis. We assumed that substitution of Cys116 for His broke the original hydrogen-bond network and that this induced a significant effect of Tyr114 as a general acid catalyst, possibly due to the narrow space in the active site. The C116H mutant acquired a novel -elimination activity and lead a drastic conformation change in the histidine residue at position 116 by binding the substrate, suggesting that this His residue affects the reaction specificity of C116H. Furthermore, we suggest that Lys240
L-Methionine -lyase of Pseudomonas putida (EC 4.4.1.11, MGL Pp) is a homotetrameric pyridoxal 5 0 -phosphate (PLP) enzyme that belongs to the -family. It catalyzes the ,-elimination and -replacement of L-methionine and its analogs, the ,-elimination and -replacement of L-cysteine and its analogs, and the deamination and -addition reactions of L-vinylglycine.
1) The typical catalysis of this enzyme, the ,-elimination of L-methionine, yields equimolar amounts of -ketobutyrate, methanethiol, and ammonia:
L-Methionine -lyase has been detected in a few organisms, P. putida, 2) Aeromonas sp., 3) Citrobacter freundii, 4) Brevibacterium linens, 5) Porphyromonas gingivalis, 6) Treponema denticola, 7) protozoa Trichomonas vaginalis, 8) and Entamoeba histolytica, 9) and the plant Arabidopsis thaliana. 10) Biochemical and structural studies of MGL from various sources have implicated several amino acid residues, Tyr114 and Cys116, in the catalytic mechanism of the enzyme (numbered according to the structure of MGL Pp). [11] [12] [13] [14] [15] [16] [17] Recently, the 3D structure of MGL Pp was solved. It reveals a cluster of six residues, Tyr59 Ã , Arg61 Ã , Tyr114, Cys116, Lys240 Ã , and Asp241
Ã (asterisks indicate residues from the second subunit of the active dimer) in the vicinity of the substrate recognition space, close to the PLP cofactor. 18) These residues are connected by a network of hydrogen bonds at the active site and they contribute to the active center, which lies at the subunit domain interface.
In P. putida MGL, chemical modification with 2-nitrothiocyanobenzoic acid and labeling with a PLP analog, N-(bromoacetyl) pyridoxamine phosphate, suggested the catalytic importance of Cys116. 13, 19) Replacement of this cysteine by histidine caused a drastic increase in the catalytic efficiency (k cat /K m ) of MGL for L-cysteine, by 16.2-fold, and decreased that for Lmethionine by 552-fold, mainly due to changes in k cat . 17) Similar changes in activity were also observed for Lmethionine and L-cysteine analogs. Mutational studies of E. histolytica and T. vaginalis MGL isozymes also indicate that the corresponding cysteine residue contributes directly to the substrate specificity. When this cysteine was replaced with glycine and with serine, the K m values of one isozyme for L-methionine and Lcysteine changed drastically, while those of the other isotype remained unaltered. 20, 21) The crystal structure of wild type MGL revealed that Cys116 is located in proximity to Tyr114, which is close to the -position of the substrate, 16, 22) but no direct interaction between the Cys116 of MGL and the substrate, methionine, was observed. 13) Hence the structures of MGL/methionine intermediates at various reaction stages should be resolved to elucidate how the cysteine residue is involved in the ,-elimination of methionine. Cys116 forms a hydrogen-bond network between Lys240 Ã and Asp241 Ã in the MGL active site, which is specific for MGLs. This hydrogen bond network probably contribute to the substrate and reaction specificity of MGL Pp.
The recombinant MGL protein, cloned from P. putida and produced in Escherichia coli, has been found to have antitumor efficacy in vitro and in vivo.
23) The homocysteine assay uses an indirect way to measure the homocysteine concentrations, by monitoring uptake of the hydrogen sulfide released from the enzymatic reaction of the recombinant MGL from P. putida or T. vaginalis and homocysteine. [24] [25] [26] Hence elucidation of the catalytic mechanism is important in designing an active antitumor drug and in developing an assay system that measures sulfur-containing amino acids. In this study, to probe the catalytic role of the residues, at positions, 116, 240, and 241 for the hydrogen bond network at the active site, first we prepared C116H MGL Pp, a dynamic alteration of the substrate and reaction specificity by mutagenesis, and examined the substrate preference of C116H by analyzing the reaction mechanisms of the C116H and C116H-Y114F mutant enzymes. We found that the three-dimensional structure of C116H MGL Pp was solved at 2.30 Å resolution. Finally, to probe the catalytic roles of Lys240
Ã and Asp241 Ã , we prepared K240X (X ¼ R, M, I, N, H, D, E, S, C) and D241X (X ¼ R, H, E, K, M, N, I, T) MGL Pp by site-directed mutagenesis and examined the kinetic parameters, the thermal stability, and the inactivation by L-propargylglycine of the MGL Pp variants in order to determine the functions of these residues during catalysis. An analysis of the results suggested that the C116H mutant enzyme showed a dynamic alteration of substrate specificity and reaction specificity due to a hydrogen bond network, and that Lys240 Ã and Asp241 Ã play crucial role, in the recognition of L-methionine. Furthermore, elimination activity was identified by substitution of Asp241 Ã for arginine.
Materials and Methods
Materials. L-Methionine, L-ethionine, L-cysteine, and O-phospho-L-serine were purchased from Nacalai Tesque (Kyoto, Japan), and
-chloro-L-alanine, and DL-propargylglycine were from Sigma (Tokyo). Kurimover I was from Kurita (Techno Research Center, Tokyo). All the other chemicals used were of analytical reagent grade or the highest grade commercially available.
Replacement reaction assay. The reaction system consisted of 400 mM potassium phosphate buffer (KPB, pH 8.0) with 100 mM sulfur amino acid (L-methionine, DL-homocysteine, or L-cysteine), 160 mM 2-mercaptoethanol, 10 mM PLP, and the enzyme in a final volume of 0.25 mL. After incubation in a test tube sealed with a rubber plug at 37 C for 10 min, 30 min, or 60 min, the reaction was stopped by the addition of 25 mL of 50% trichloroacetic acid. Enzyme activity was detected qualitatively by measuring the amount of sulfur amino acids formed with ninhydrin after separation by thin-layer chromatography.
1)
The solvent systems were 1-butanol-water-acetic acid (4:2:1, v=v=v) in the replacement reaction for L-methionine, and ethanol-water (3:2, v=v) in the replacement reactions for DL-homocysteine and L-cysteine respectively.
Hydrogen sulfide assay. The MGL reaction was carried out in 250 mL of 100 mM KPB (pH 8.0) containing 0.01% DTT and 10 mM PLP and the enzymes at 37 C for 10 min. The substrate concentration was 25 mM L-methionine, 20 mM DL-homocysteine, or 5 mM L-cysteine. The reaction was terminated by adding 250 mL of 20 mM N,N-dimethyl-pphenylenediamine sulfate in 6.0 N HCl and 250 mL of 40 mM ferric chloride in 6.0 N HCl. After further incubation in the dark for 30 min, the absorption at OD 670 of the supernatant was measured to quantitate the methylene blue formed. Sodium sulfide was used as standard.
Site-directed mutagenesis. Mutant forms of MGL Pp were made on wild type construct pMGL1204 27) using a QuikChange site-directed mutagenesis kit from Stratagene (La Jolla, CA). The kit employs double-stranded DNA as template, two complementary oligonucleotide primers containing a degenerate codon (NNN; N ¼ A, T, G, or C) at the positions of Cys116, Tyr114, Lys240, and Asp241, constructed by Proligo Japan (Tokyo), as follows: C116H sense primer, 5
0 -CCCTG-TACGGCCACACCTTTGCCTTCCTGC-3 0 , C116H antisense primer,
0 , and Dpn I endonucleases to digest the parental DNA template. The nucleotides in italics indicate the introduced mutations. The reaction mixture was used to transform competent Escherichia coli HB101. DNA sequencing, using an ABI prism automated DNA sequencer (Applied Biosystems, Tokyo), confirmed the presence of the mutation, and that no other mutations were present.
Expression and purification of recombinant MGL. To express the recombinant wild type and mutant MGL Pp, pMGL1204 was transformed into E. coli HB101. The transformants were grown in 5 mL of LB medium (pH 7.0) containing 10 mg/mL tetracycline hydrochloride at 37
C for 14 h with shaking. The culture broth was transferred to 1.6 liter fermentation medium (1.2% w/v bacto tryptone, 2.4% w/v bacto yeast extract, 2.0% w/v glycerol, 1.25% w/v K 2 HPO 4 , 0.23% w/v KH 2 PO 4 , 0.05% w/v polypropylene glycol no. 2000, and 10 mg/mL tetracycline hydrochloride, pH 7.4) and cultivated at 28 C for 18 h with shaking. To express recombinant MGL Pp, isopropyl--Dthiogalactopyranoside (IPTG) was added at a final concentration of 0.5 mM after cultivation for 4 h. The concentrated cell suspension was diluted with 50 mM KPB (pH 7.2) containing 1 mM ethylenediaminetetraacetate (EDTA), 0.5 mM PLP, 0.01% dithiothreitol (DTT), and 1 mM phenylmethylsulfonyl fluoride (PMSF). The cells were disrupted with an insonator 201M homogenizer (Kubota, Tokyo).
The wild type and mutant enzymes were purified by the method of Takakura et al. 28) To remove endotoxin and nucleic acids, the solution Kurimover I (Kurita, Tokyo) was added to the lysate at a final concentration of 2.0 mg/mL and this was gently stirred for 2 h at room temperature and then centrifuged (20;000 Â g, 30 min, 15 C). The pH of the supernatant was adjusted to 7.2 with KOH. PEG6000 was added to the enzyme solution at a final concentration of 8.0%, and then the turbid materials were removed by centrifugation (20;000 Â g, 20 min, 15 C). Potassium phosphate buffer (20 mM, pH 7.2) containing 1 mM EDTA, 0.5 mM PLP, and 0.01% DTT was added to the supernatant. To carry out crystallization, ammonium sulfate was added to the solution at a final concentration of 3.6%, and then sodium chloride and PEG6000 were added at final concentrations of 0.2 M and 9.0% respectively, with mild agitation at room temperature. After incubation for 1 h, the solution was cooled and maintained at 4 C overnight with mild agitation. The crystals were collected by centrifugation (20;000 Â g, 30 min, 15 C). They were solubilized with 20 mM KPB (pH 7.2) containing 1 mM EDTA, 0.5 mM PLP, and 0.01% DTT at room temperature, and then the insoluble impurities were removed by centrifugation (20;000 Â g, 30 min, 15 C). The supernatant was dialyzed against 20 mM KPB (pH 7.2) containing 0.1 mM PLP for 14 h. The precipitate was removed by centrifugation.
The enzyme solution was applied to a DEAE-Toyopearl 650M column (Tosoh, Tokyo)
2) and a Sephacryl S-300 HR gel filtration column (Amersham Biosciences, Tokyo) as previously described. 28) The purity of the enzyme was measured by SDS-PAGE under denaturing conditions by the method of Laemmli.
29)
Overexpression and purification of recombinant MGL for crystallization. To express the recombinant wild type and mutant MGL Pp, pMGL1204 was transformed into E. coli JM109. The transformants were grown in 5 mL of LB medium (pH 7.0) containing 10 mg/mL tetracycline hydrochloride at 37 C for 14 h with shaking. The transformants were grown in 3.2 liter of M9 minimal medium supplemented with 1 mM magnesium sulfate, 0.1 mM calcium chloride, 59 mM thiamine hydrochloride, 20 mM PLP, 11 mM D-glucose, and 10 mg/mL tetracycline hydrochloride at 37 C for 48 h. 30) The medium was prepared with commercially available mineral water to supply trace elements. To overexpress the recombinant MGL Pp, IPTG, Lmethionine and L-proline were added at final concentrations of 0.5 mM, 4 mM, and 4 mM respectively after cultivation for 24 h. The concentrated cell suspension was diluted with 50 mM KPB (pH 7.2) containing 1 mM EDTA, 0.5 mM PLP, 0.01% DTT, and 1 mM PMSF. The cells were disrupted with an insonator 201M homogenizer (Kubota, Tokyo).
The C116H mutant enzyme was purified by the method of Takakura et al. 28) To remove endotoxin and nucleic acids, the solution Kurimover I (Kurita) was added to the lysate at a final concentration of 2.0 mg/mL and this was gently stirred for 2 h at room temperature, and then centrifuged (20;000 Â g, 30 min, 15 C). The pH of the supernatant was adjusted to 7.2 with KOH. PEG6000 was added to the enzyme solution at a final concentration of 8.0%, and then the turbid materials were removed by centrifugation (20;000 Â g, 20 min, 15 C). The supernatant was heated to 60 C in a water bath with gentle stirring. The turbid materials were removed by centrifugation (20;000 Â g, 30 min, 4 C). The supernatant was dialyzed against 20 mM KPB (pH 7.2) containing 0.1 mM PLP for 14 h. The precipitate was removed by centrifugation.
2) and a Sephacryl S-300 HR gel filtration column (Amersham Biosciences, Tokyo), as previously described. 28) The purity of the enzyme was measured by SDS-PAGE under denaturing conditions by the method of Laemmli.
Crystallization, X-ray diffraction data collection and structure determination. Crystallization experiments were performed by the sitting-drop vapor-diffusion method in 96-well CrystalClear Strips (Hampton Research, California). A 0.5-mL droplet containing the C116H mutant protein (20 mg/mL) dissolved in 10 mM HEPES-NaOH (pH 7.4) was mixed with an equal volume of reservoir solution, and the droplet was allowed to equilibrate against 100 mL reservoir solution. Initial screening were performed under the crystallization conditions reported for wild type MGL Pp (200 mM Tris-HCl buffer pH 8.5 with 15% w/v PEG6000, 250 mM ammonium sulfate, 0.5 mM PLP and 0.5% v/v 2-mercaptoethanol) at 277 and 293 K by varying the buffer pH and the concentrations of PEG6000 and ammonium sulfate. 22) The best crystals grew at 293 K from a reservoir solution containing 200 mM MES-NaOH buffer pH 6.2 with 12.5% w/v PEG6000, 250 mM ammonium sulfate, 0.5 mM PLP, and 0.5% v/v 2-mercaptoethanol. In X-ray diffraction experiments at 100 K, a crystal briefly soaked in a cryo-protectant solution (150 mM MES-NaOH buffer pH 6.2 with 14.0% w/v PEG6000, 250 mM ammonium sulfate, 0.5 mM PLP, 0.5% v/v 2-mercaptoethanol, and 25% v/v glycerol) was mounted in a nylon loop and then frozen by rapidly submerging it in liquid nitrogen. Crystals of MGL Pp complex with methionine and homocysteine were prepared by soaking in cryo-protectant solutions supplemented with 50 mM methionine and with homocysteine respectively for 30 s. X-Ray diffraction data were collected by the rotation method on the BL44XU beamline of SPring-8 (RIKEN Harima Institute, Hyogo, Japan) and the BL17A beamline of KEK-PF (High Energy Accelerator Research Organization, Tsukuba, Japan). All data sets were indexed, integrated, and scaled using HKL2000.
31)
The crystal structures of free-C116H MGL Pp complexed with methionine and homocysteine were determined by molecular replacement (MR) using wild type MGL Pp (PDB code 2O7C) as a search model. Molecular replacement calculations were carried out using the program MOLREP. 32) All structures were then refined by REFMAC5 to final R/R free values of 0.189/0.231 (free), 0.172/0.201 (methionine complex), and 0.191/0.253 (homocysteine complex).
33) The atomic coordinates and structure factors of the MGL Pp C116H mutant, the methionine complex, and the homocysteine complex have been deposited in the Protein Data Bank under accession nos. 3VK2, 3VK3, and 3VK4 respectively.
Protein concentrations. The concentrations of the wild type and mutant forms of MGL Pp were determined by the Bradford method using bovine serum albumin as the standard protein. 34) Enzyme assay. The enzymatic ,-elimination activity of recombinant MGL for L-methionine was determined by a method previously described. 27) For the other substrates, the elimination reactions were routinely followed by detection of -ketobutyrate and pyruvate using 3-methyl-2-benzothiazolone hydrazone hydrochloride (MBTH), as previously described. 35) One unit of ,-elimination and of ,-elimination reaction activity was defined as the amount of recombinant MGL that produced 1 mmol of -ketobutyrate and of pyruvate respectively per min at an infinite concentration of each substrate at 37 C. Specific activity was presented as the enzyme activity in units per mg of protein.
To determine the kinetic parameters of the catalytic activities using purified enzymes, assays were performed as indicated above using fixed amounts of the enzyme in the presence of exogenous PLP (10 mM for the wild type and the mutant), in which the substrate concentration was varied from 0.5 to 25 mM and from 0.4 to 5 mM for the ,-elimination of L-methionine and DL-homocysteine and the ,-elimination of L-cysteine, respectively. The experimental data were fit to the Michaelis-Menten equation to determine K m and k cat values.
Reaction with propargylglycine. The time-course of inactivation was determined basically by the method of Johnston et al. 12) At time zero, enzymes were added to a solution containing an appropriate concentration (0.25 mM) of DL-propargylglycine in 100 mM KPB (pH 8.0) containing 10 mM PLP at 37 C. Aliquots (usually 50 mL) were then removed at intervals and assayed for remaining enzymatic activity by dilution to a 1.0-mL solution of the appropriate standard assay mixture (see above).
Results
Elimination and replacement catalyzed by the C116H mutant enzyme MGL Pp mainly catalyzes the ,-elimination of L-methionine and DL-homocysteine, and has low ,-elimination activity toward L-cysteine. 1, 2, 17) We have found that substitution of Cys116 for His induces a dramatic increase in ,-elimination activity toward Lcysteine and its derivatives. 17) To confirm the elimination activity of the C116H mutant, we tried to detect hydrogen sulfide, the reaction product of the -elimination of DL-homocysteine and the -elimination of L-cysteine. The sulfur-containing product was identified by the methylene blue method, as described above. The product is volatile under acidic conditions and reacts with N,N-dimethyl-p-phenylenediamine to develop a blue color after the addition of ferric chloride as oxidizing agent. The colored compound had the same absorption spectrum as the product of sodium sulfide and N,N-dimethyl-p-phenylenediamine, indicating that hydrogen sulfide is produced from DL-homocysteine and L-cysteine by the C116H mutant (data not shown).
We also examined the replacement reactions of Lmethionine, DL-homocysteine, and L-cysteine using thinlayer chromatography (TLC) for the wild type, the C116H mutant, and the Y114F-C116H double mutant enzymes. The wild type catalyzed the -replacement of L-methionine and DL-homocysteine and the -replacement of L-cysteine with 2-mercaptoethanol to yield S-(-hydroxyethyl)homocysteine and S-(-hydroxyethyl)-cysteine respectively (Fig. 1, Scheme 1) .
2) On the other hand, the C116H mutant yielded S-(-hydroxyethyl)-cysteine from L-cysteine, but S-(-hydroxyethyl)homocysteine was not detected from L-methionine or DL-homocysteine. In this -replacement study of C116H toward DL-homocysteine, -aminobutyrate was detected in TLC analysis and NMR analysis (data not shown).
Function of Tyr114 in the C116H mutant enzyme
To examine the function of Tyr114 in the C116H mutant, we compared the kinetic parameters for the elimination reaction of the wild type, C116H, and Y114F-C116H toward four substrates, L-methionine, DL-homocysteine, L-cysteine, and S-methyl-L-cysteine ( Table 1 ). The k cat values for DL-homocysteine, Lcysteine, and S-methyl-L-cysteine of Y114F-C116H decreased (30 to 390-fold) without change in the K m values as compared to those of the C116H mutant enzyme. Furthermore, the Y114F-C116H double-mutant enzyme did not catalyze the replacement reaction between three substrates (L-methionine, DL-homocysteine, and L-cysteine) and 2-mercaptoethanol (Fig. 1) . These results suggest that Tyr114 in the C116H mutant plays an important role in the -elimination/replacement and the -elimination/replacement.
Crystal structure of the C116H mutant enzyme In this study, the C116H mutant was solved in substrate-free form at 2. resolution and 2.60 Å resolution respectively. The data collection and refinement statistics are summarized in Table 2 . The crystal structure of the substrate-free C116H mutant was solved by molecular replacement using the dimer structure of the wild type (PDB code 2O7C), and refined at 2.30 Å resolution to a crystallographic Rfactor of 18.1%. The arrangement of PLP and amino acid residues constructing the active site (Tyr114, His116, Arg375, Tyr59
Ã , Arg61 Ã , Lys240 Ã , Asp241 Ã ) is essentially identical to that of the wild type ( Fig. 2A) , although His116, Lys240
Ã , and Asp241 Ã are less superimposed with those of the wild type (Fig. 2B) (asterisk represents residues from the other subunit of a catalytic dimer). These residues form hydrogen bonds to each other in the active site, as observed among Cys116, Lys240
Ã , and Asp241 Ã in the wild type, indicating that the bulky histidine residue affects the locations of Lys240 Ã and Asp241 Ã . PLP was highly recognized by residues Gly89, Met90, Tyr114, Asp186, Ser208, Thr210, Tyr59 Ã , and Arg61 Ã . In the active site, a bound sulfate ion interacts with the side chains of Gln349 and Arg375 as well as the main chain of Ser340. The side chain of His116 interacts with Tyr114 and Arg61 Ã through hydrogen bonds and with Tyr114 and Lys240 Ã through hydrophobic interactions.
The structures of the C116H mutant in complex with L-methionine (3VK3) and L-homocysteine (3VK4) represent the Michaelis complexes (Figs. 3 and 4) , in which neither substrate forms a Schiff base with PLP. In both complex structures, a sulfate ion found in the active site of the C116H mutant was replaced, by L-methionine and L-homocysteine respectively. The carboxyl groups of the bound L-methionine and L-homocysteine formed hydrogen bonds with the guanidium group of Arg375, and the hydroxyl group of Tyr114 was at hydrogen-bond distances from sulfur atoms of L-methionine (3.16 Å ) and L-homocysteine (2.75 Å ). In addition, the sulfur atoms of L-methionine and L-homocysteine interacted with the aromatic ring of Y59 Ã , and the nitrogen atom of the amino group of both compound formed two hydrogen bonds with PLP.
A remarkable conformational change in the His116 residue was observed between the substrate-free and the substrate-bound structures (Figs. 2, 3, and 4 ). In the substrate-free structure, His116 N5 contacted the hydroxyl group of Tyr114 (3.13 Å ) and N3 was positioned far from Lys240 N ! . On the other hand, in the Lmethionine binding complex structure, His116 N3 was positioned near the hydroxyl groups of Tyr114 (3.90 Å ) and N5 interacted with Lys240 N ! (3.32 Å ) and the carboxyl group of Asp241 (3.80 Å ) respectively. The hydroxyl group of Tyr114 was positioned near S " of L-methionine (3.16 Å ). In the L-homocysteine binding complex structure, His116 N3 was positioned near the hydroxyl group of Tyr114 (4.18 Å ) and N5 interacted with Lys240 N ! (3.04 Å ) and the carboxyl group of Asp241 (3.62 Å ). The hydroxyl group of Tyr114 was positioned near the sulfur atom of L-homocysteine (2.75 Å ). These findings suggest that the novel proton network operates in the active site by replacement of Cys for His at position 116. The constitution of this network with Tyr114, His116, and Asp241 is similar to the Ser/His/Asp triad of chymotrypsin in the bestknown serine protease class (EC 3.4.21.1), indicating that tyrosine is an nucleophile, histidine is a general base and acid, and aspartate helps to orient the histidine residue and to neutralize. However, the tyrosine residue is positioned a little too far from the histidine residue in the complex to transfer a proton, and it remains unclear whether Tyr114 serves directly as a general acid catalyst in the ,-elimination process. 16) Since the C116H mutation changed the positions of the side chains of
Lys240
Ã and Asp241 Ã and these alterations might be the basis for the unique catalytic properties of the C116H mutant enzyme, we investigated the functions of these residues by analyzing the kinetic properties of the K240X and D241X mutant enzymes.
Effects of mutations of Lys240

Ã
In the structure of the wild type enzyme, Cys116 makes a hydrogen bond network with Lys240 Ã and Asp241
Ã from the adjacent subunit.
18) The lysine residue is highly conserved in the MGLs from T. denticola, B. linens, P. gingivalis, C. freundii, E. histolytica, and T. vaginalis.
18) The ,-elimination activities of the K240X mutant enzymes against the two substrates (Lmethionine and DL-homocysteine) were determined by the MBTH method (Fig. 5) . Production of the five mutants and the wild type was confirmed by SDS-PAGE to be nearly equal in expression (data not shown). The elimination activity of the K240D and K240E mutants against the substrates was markedly decreased. K240H showed a 50-70% reduction in ,-elimination activities against L-methionine and DL-homocysteine as compared to the wild type MGL. K240R and K240M retained activity for the ,-elimination of L-methionine, whereas K240M showed a 50% reduction in ,-elimination activity against DL-homocysteine.
The steady-state kinetic parameters of the wild type, K240R, K240M, K240I, and K240N for L-methionine, DL-homocysteine, and L-cysteine are shown in Table 3 . K240I and K240N have neutral, and a non-bulky residue at position 240, respectively. The K m values for Lmethionine of K240M, K240I, and K240N increased by 10-20 fold compared to the wild type, and they had less than 10% of the k cat /K m value of the wild type enzyme. We speculate that the length, bulkiness, and basicity of the Lys240 residue are important in constructing an active site recognizes the physiological substrate L-methionine. The k cat values for L-cysteine of each of the various enzymes remained about the same, suggesting that Lys240 does not directly affect the ,-elimination reaction.
Effects of mutations of Asp241
Ã
Asp241
Ã , which makes a hydrogen bond with Lys240 Ã , is also conserved in MGLs. 18) Replacement of the Asp241 Ã of MGL Pp led to suppression of the ,-elimination of L-methionine and DL-homocysteine (Fig. 6) . Each of the various mutant enzymes had less than 20% of the ,-elimination activity towards Lmethionine and less than 60% of the ,-elimination activity towards DL-homocysteine than the wild type MGL. The D241R mutant had higher ,-elimination activity against O-succinyl-L-homoserine than the wild type enzyme (Fig. 7) . D241R and D241H showed little alteration in ,-elimination activity against the ,-elimination substrates. Kinetic analyses of the wild type, D241R, and D241H with respect to the catabolism of Lmethionine, DL-homocysteine, O-succinyl-L-homoserine, and L-cysteine are summarized in Table 4 . The K m values of the wild type and each of the various mutants were almost unchanged. The k cat values for the L-methionine of D241R and D241H were 21% and 7% respectively of that of the wild type, but showed little alternation in the k cat value for L-cysteine.
Thermal stability of the MGL mutants Lys240 Ã and Asp241 Ã , which lie at the adjacent subunit, are involved in the formation of the active site and the stabilization of the active dimer. 18) To probe the structural roles of these residues, we examined the thermostability of the mutant enzymes (Fig. 8) . The effects of substitution on thermostability were tested by incubating the enzymes for 30 min at various temperatures (40-80 C) in 20 mM KPB (pH 7.2) supplemented with 0.01 mM PLP, 150 mM potassium chloride, and 0.01% DTT. Subsequently, the remaining activity was measured using the ,-elimination assay of L-methionine, as described above. Under these conditions, K240I, K240M, and K240N had lower thermal stability, whereas the other K240X mutants retained stability as well as the wild type did. D241R also showed lower thermal stability than the wild type, whereas the stability of the other D241X mutants remained the same.
Inactivation by propargylglycine
In our mechanistic studies of Cys116, Lys240
Ã , and Asp241 Ã , we investigated the suicide inhibition of this enzyme by the acetylenic amino acid L-propargylglycine, a time-dependent irreversible inactivator of MGL (Fig. 9) . The irreversible inactivation of MGL by Lpropargylglycine has been studied, and the following mechanism was proposed: abstraction of a -proton leads to an allene that is capable of Michael addition to the -carbon of the inhibitor by an enzyme active site nucleophile.
12) The K240R and K240I mutants were rapidly inactivated as well as the wild type was. The half-time for inactivation [t 1=2 ] was about 0.3 min. On the other hand, the C116H, D241R, and D241H mutants were gradually inactivated. The t 1=2 were about 1.5 min and 1.0 min. These data indicate that the C116H, D241R, and D241H mutants have stronger inhibitory resistance to L-propargylglycine than the wild type does. 
Wild type L-methionine 0.5 33. Multiple inactivation experiments were followed over time and monitored for loss of the catalytic activity of the wild type ( ), C116H ( ), K240R ( ), K240I ( ), D241H ( ) and D241R ( ) with DL-propargylglycine. Enzyme assay of C116H was performed with 25 mM L-cysteine, and another was done with 25 mM Lmethionine. The details of the reaction conditions are described in the text.
Discussion
The MGLs of the various microorganisms have similar conformations of the active site. In particular, Cys116, Lys240 Ã , and Asp241 Ã , which localize at the active center, are highly conserved in MGLs. 18) Hence we focused on these residues in this study and examined their functions by structural and the kinetic analysis. Structural analysis of MGL Pp and mutational analysis of Cys116 indicated that Cys116 is important for the recognition and the ,-elimination of the physiological substrate L-methionine. 17, 18) We also found that the C116H mutant had increased ,-elimination activities against some ,-elimination substrates. 17) In discussing the roles of these residues, the function of Tyr114, which is conserved among MGLs and locates near and interacts with these residues, is of great importance. A mutant form of MGL in which Tyr114 was replaced by phenylalanine (Y114F) resulted in a 910-fold decrease in k cat for the ,-elimination of Lmethionine and a similar reduction of k cat in the ,-elimination of -replaced substrates. 16) In the present study, the Y114F mutation in the C116H mutant enzyme greatly decreased both the remaining ,-elimination activity and the enhanced ,-elimination activity. This suggests that the altered reaction/substrate specificity of the C116H mutant enzyme should be understood by reference to the role of Cys116 in positioning Tyr114 for catalysis. To elucidate the interaction of His116 with the hydrogen bond network surrounding Tyr114, the crystal structure of C116H mutant was solved at 2.3 Å resolution.
Superposition of the wild type and the C116H mutant enzyme resulted in a slight alternation in the direction of the amino acid residues at the active center. The side chains of Tyr114, Lys240
Ã , and Asp241 Ã , and Arg61 Ã moved a little away from the side chain of the residue at position 116 (Fig. 2B) . The presence of a bulky side chain of His116 is not suitable for accommodating the methyl group of the natural substrate L-methionine (Figs. 3 and 4) . The unfavorable interaction of the methyl group with His116 and the surrounding residues is evident the fact that the distance between the hydroxy group of Tyr114 and the sulfur atom of the bound Lmethionine was longer than the corresponding distance in the L-homocysteine complex. Since the hydroxy group of Tyr114 functions as a general acid catalyst, donating a proton to the leaving group at the -position of the substrate, these findings explain the observation that the C116H mutation increased K m and remarkably decreased k cat for L-methionine, while not altering essentially the corresponding parameters for L-homocysteine (Table 1) . Also, the observation that the C116H mutant is unable to catalyze the -replacement reaction to form S-(-hydroxyethyl)-homocysteine can be understood as follows: mercaptoethanol cannot be placed properly near substrate C due to steric hindrance with His116.
The reason for the increased ,-elimination activity of the C116H mutant enzyme is not clear at present. Mechanistically, ,-elimination and ,-elimination are almost completely different. They share only the transaldimination and -deprotonation steps. Afterdeprotonation, if a good leaving group at the -position is removed that leads to ,-elimination. On the other hand, ,-elimination requires reprotonation at C4 0 to form a ketimine, followed by -deprotonation to form an enamine, which finally promotes the release of the leaving group at the -position. The altered active site hydrogen-bond network of C116H should make the arrangement of the active site residues suitable for the removal of the -substituted group. The k cat values for the L-cysteine of the C116S and C116A mutants were reduced by 80 to 100-fold, suggesting that ionic interaction of the histidine residue in C116H mutant is involved in the ,-elimination reaction. 17) Also in the case of ,-elimination, substrates with a long side chain are not accommodated in the active site, and activation of the -substituted group is hampered. Elimination activity toward S-ethyl-L-cysteine was lower than at toward L-cysteine and toward S-methyl-L-cysteine.
17)
Lys240
Ã and Asp241 Ã of the adjacent subunit are highly conserved among MGLs, and make a hydrogenbond network with Cys116. Hence the K240X and D241X mutant enzymes were analyzed to determine the roles of these residues in substrate/reaction specificity. There were no significant changes in k cat for Lmethionine, DL-homocysteine, or L-cysteine, whereas K240M, K240I, and K240N showed increased K m for L-methionine (Table 3) . These mutant enzymes also showed decreased thermal stability (Fig. 8A) . Taken together, these results suggest that the hydrogen-bond network between the two subunits involving Lys240 contributes both to maintaining structural stability and to creating the space that accommodates the side chain of the substrate L-methionine. The perturbations in the hydrogen-bond network caused by these mutations do not appear to have affected the function of Tyr114, since the k cat for L-methionine was almost unchanged. Contrary to these mutants, K240R, K240S, and K240C mutants exhibited thermal stabilities similar to the wild type enzyme. These results indicate that introducing a smaller side chain or preserving the positive charge at position 240 does not disturb the hydrogen-bond network described above.
The D241R and D241H mutations led to reductions in the k cat for L-methionine without significantly changing the K m values ( Table 4 ). The latter fact might reflect the fact that Asp241 Ã locates relatively far from the site accepting the side chain of L-methionine, but the reduction in the k cat for L-methionine suggests that the D241R and D241H mutations impair the function of Tyr114 by altering the microenvironment of the active site. The finding that the D241R mutation increased the k cat for O-succinyl-L-homoserine is not surprising, considering that the leaving of succinate, a good leaving group, from C does not require the presence of an acid catalyst.
16) The increase in the k cat might have been due to positioning of the succinyl group stereochemically suitably for elimination. The thermal inactivation experiment showed that Asp241 Ã is basically not involved in structural stability. The only exception is D241R, the instability of which is interpreted to be caused by the introduction of a bulky side chain and reversal of the charge.
As described above, -elimination is a very complex process, encompassing transaldimination, -deprotonation, reprotonation at C4 0 to form a ketimine, -deprotonation to form an enamine, the leaving of thereplaced group, tautomerization to form a PLP-aminocrotonate aldimine, and transaldimination. Before the leaving of the -replaced group, which is assisted by Tyr114 in MGL, many steps must be organized for the process to proceed smoothly. Therefore, the effect of mutation on these steps should be taken into account when discussing -elimination. The inactivation mechanism by propargylglycine shows the same steps from transaldimination to enamine formation as the mechanism of -elimination. In this regard, studying inactivation by propargylglycine is of great use in evaluating the steps prior to the leaving of the -replaced group. The rate of inactivation of C116H was smaller than that of the wild type (Fig. 9 ), but the decrease in k cat for theelimination of L-methionine was much more prominent (Table 1) . Hence it is reasonable to ascribe the decrease in k cat to the decrease in the rate of the leaving of thesubstituted group, as discussed above. On the other hand, the decreases in the rate of inactivation of D241H and D241R are comparable to the decrease in k cat for the -elimination of L-methionine (Fig. 9 , Table 4 ), indicating that the decreases in these k cat values might be caused by the retardation of the steps before the leaving of the -substituted group. This study indicates the importance of the hydrogenbond network created by Cys116, Lys240 Ã , and Asp241 Ã for the recognition and processing the substrate Lmethionine. Further studies, including spectroscopic analysis of the reaction intermediates and crystallographic analysis of the enzyme inactivated by propargylglycine, should shed light on the catalytic mechanism of the enzyme, which is important in developing active antitumor drugs and enzyme assay systems to measure sulfur-containing amino acids.
